While there is no question that ligands can induce large-scale domain movements that narrow (close) the active-site cleft of the catalytic (C) subunit of cAMP-dependent protein kinase (cAPK), the results from small-angle X-ray scattering, protein footprinting, and thermostability studies are inconsistent with regard to which ligands induce these movements. This inconsistency suggests a greater complexity of cAPK conformational dynamics than is generally recognized. As an initial step to study this issue in relation to the catalysis, a new method to measure cAPK domain closure was developed, and the state of domain closure and the local segmental¯exibility at major steps of the cAPK catalytic cycle were examined with site-directed labeling and¯uorescence spectroscopy. To achieve this, a C subunit mutant (F239C/C199A) was engineered that allowed for¯uorescein 5-maleimide (donor) conjugation of F239C in the large lobe and tetramethylrhodamine (acceptor) conjugation of C343 in the small lobe. Domain closure was assessed as an increase in the ef®ciency of energy transfer between donor and acceptor. The anisotropy decay of¯uoroscein 5-maleimide, conjugated to a site of cysteine substitution (K81C) in the small lobe of the C subunit was used to assess the local backbone¯exibility around the B helix. The effects of substrate/ pseudosubstrate (ATP and PKI(5-24)), a fragment of protein kinase inhibitor) and products (ADP and phosphorylated PKS) on domain closure and B helix¯exibility were measured. The results show that domain closure is not tightly coupled to the¯exibility around K81C. Moreover, although substrates/pseudosubstrate and products independently close the active-site cleft, only the substrates substantially decreased the backbone¯exibility around the B helix. Because this order-to-disorder transition coincides with the phosphoryl transfer transition, the results suggest the existence of an internal entropy contribution to catalysis. Abbreviations used: cAMP, adenosine 3 H ,3 H -phosphate; cAPK, cAMP-dependent protein kinase; C subunit, the a isoform of the catalytic subunit of cAPK; D/A, dipolar energy transfer donor and acceptor; f xb , fraction of the observed anisotropy decay associated with the``fast'' depolarization processes; f fast , fast rotational correlation time; f slow , slow rotational correlation time; FRET,¯uorescence resonance energy transfer; FM,¯uorescein-5-maleimide; TMRM, tetramethylrhodamine-5-maleimide; PKI(5-24), a fragment (residues 5-24) of the a isoform of the heat-stable protein kinase inhibitor (TTYADFIASGRTGRRNAIHD, numbering based on full-length PKI(1-75)); PKI(5-22)amide, a fragment (residues 5-22) of the a isoform of the heat-stable protein kinase inhibitor (TTYADFIASGRTGRRNAI-NH 2 ; PO 4 -PKS, phosphorylated adduct of TTYADFIASGRTGRRASIHD; TRFA, time-resolved¯uorescence anisotropy.
Introduction
Kinases catalyze the transfer of the g-phosphate group from ATP (occasionally from other nucleoside triphosphates) to hydroxyl acceptors. Substrate binding to kinases has long been recognized to induce large-scale conformational changes that involve the narrowing (closing) of the active-site cleft formed by two adjacent lobes. Although the structure of these two lobes is conserved among all kinases, the orientation of the nucleotide and the site of phosphoryl transfer differ. The ®rst crystallographic evidence for this ligand-induced domain closure phenomenon stems from the study of hexokinase, where the apo (open) and glucose-bound (closed) con®gurations were compared. 1 More recently, small-angle X-ray scattering results and the X-ray crystallographic analysis of the catalytic (C) subunit of cAMP-dependent protein kinase (cAPK) in different liganded states reveal the existence of a related domain movement or closure. 2 ± 8 For the cAPK C subunit, domain closure involves both a hinge and sliding motion of the smaller lobe toward the larger lobe. The superposition of the so-called open and closed conformations of the C subunit shows that most of this movement is con®ned to the small lobe (Figure 1(a) ). The function of large-scale domain movement appears to be essential for the proper positioning of the reactants for speci®c phosphoryl transfer to hydroxyl groups in target substrates.
While there is little doubt that the cAPK C subunit undergoes ligand-induced domain closure, con¯icting evidence exists as to which ligands induce this closure. For example, small-angle X-ray scattering data show that PKI (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) , a heat-stable protein kinase inhibitor fragment induces a contraction of the C subunit that can be explained only by domain closure, 8 but PKI (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) has no substantial effect on the solute accessibility (as measured by protein footprinting) to the C subunit. 9 ATP, on the other hand, produces dramatic changes in solute accessibility that are consistent with domain closure. Similarly, the analysis of ligand-induced thermostabilization, which should presumably re¯ect conformational ordering associated with domain closure, reveals that, in the presence of excess magnesium, ATP and ADP, but not PKI (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) , increase the thermal stability of the C subunit. 10 Because these con¯icting results could be reconciled if there were ligand-dependent differences in the conformational dynamics of the C-subunit closed states, and because ligand-dependent conformational dynamics may play a novel role in cAPK catalysis, we developed a new method to measure cAPK domain closure and examined the state of domain closure and small-lobe¯exibility at major steps of the cAPK catalytic cycle. Speci®-cally,¯uorescein 5-maleimide (FM), an energy donor, was attached to a site of cysteine substitution (F239C) in the large lobe and tetramethylrhodamine 5-maleimide (TMRM), an energy acceptor, was conjugated to the native Cys343 in the C-terminal tail, which is anchored to the small lobe (Figure 1(a) ). To accomplish this, a double mutant (C199A/F239C) was engineered that permitted the selective labeling of F239C in the presence of MgATP and the native C343 in the absence of MgATP. With this approach, domain closure was monitored as an increase in the ef®-ciency of¯uorescence resonance energy transfer (FRET) as the distance between lobes shortens. Time-resolved¯uorescence anisotropy (TRFA) was used to monitor the backbone¯exibility of a portion of the small lobe, which was previously shown to be sensitive to the binding of ATP and PKI (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) . 11 This was accomplished by preparation of a second mutant (K81C) that allowed the selective attachment of FM in the presence of MgATP to the tip of the small lobe at the end of the B helix (Figure 1(b) ).
The FRET measurements demonstrated that both substrates/pseudosubstrates (ATP and PKI(5-24), a pseudosubstrate) and products (ADP and PO 4 -PKS) induce domain closure, indicating that, with the exception of the fully dissociated state, each step of the catalysis is in a predominantly closed state. The TRFA results, however, indicate that the ligands differentially altered the conformational dynamic of the C subunit. The apparent con¯icts between the previous X-ray scattering, protein footprinting, and thermostability results can be reconciled if ligands can differentially affect the closed-state dwell time. Assuming the effects of pseudosubstrates and substrates are the same, the TRFA results also reveal that only substrates/pseudosubstrates substantially reduced the backbonē exibility around the Lys81Cys site and possibly a large portion of the small lobe. This dichotomy between substrate/pseudosubstrate and product effects on small-lobe¯exibility suggests the existence of an order-disorder transition coinciding with the phosphoryl transfer step that points to an internal entropy contribution to catalysis.
Results

Characterization of the mutants and their conjugates
Sequencing analysis veri®ed the nature and location of the desired mutations for the three mutants used (K81C, C199A, and F239C/C199A). An unplanned point substitution, Asp141Glu, in the F239C/C199A mutant was discovered. Because this unplanned substitution retained the charge of the substituted amino acid and did not signi®-cantly affect the catalytic activity (data not shown), the protein was used for the FRET experiments. The SDS-PAGE analysis of the FM-labeled K81C mutant revealed no detectable, non-covalently bound probe; however, a faint¯uorescent band running near the buffer front was associated with doubly labeled F239C/C199A mutant, indicating the presence of a small amount (<5 %) of non-conjugated probe (data not shown). Also, the parallel labeling of the wild-type C subunit showed no detectable labeling of the native cysteine residues (Cys199 and Cys343) by SDS-PAGE analysis, demonstrating the speci®city of labeling procedures. The stoichiometry of FM labeling at F239C and TMRM presumably labeling at C343 for the F239C/C199A mutant, was $68 % and $57 %, respectively, which means that about 39 % of the protein was heterochromatically labeled. The stoichiometry of FM labeling of K81C and TMRM of C199A were both about 53 %. Analysis of the catalytic activity of the labeled mutants showed them to be essentially unchanged by the mutation and conjugation reactions (data not shown).
Intramolecular FRET
The control emission decay from the donor-only sample was well ®t to a single-exponential expression (4.49(AE0.01) ns; Table 1 ). In the presence of acceptor, the donor emission decay was well ®t by a biexponential expression with the slower decay component (4.45(AE0.03) ns; Table 1 ), essentially identical with the donor-only sample. The second component was 70 % faster and had an amplitude that constituted 50 % of the total decay amplitude. These results are consistent with the plus-acceptor samples being a mixture of heterochromatically labeled (donor plus acceptor) and homochromatically labeled protein.
Ligand binding reduced the lifetime of the FRET-dependent decay component. Because the ligand had little or no effect upon the donor-only lifetime (Table 1) , these reductions re¯ect the differences in the ef®ciency of FRET and, presumably, the distance between the donor (FM-F239C) on the large lobe and the acceptor (TMRM-C343) on the C-terminal tail, anchored to the small lobe. In the absence of any ligand, the calculated intramolecular distance was 43.2 A Ê ( Figure 2 and Table 1 ). This distance compares favorably with the X-ray crystallographic distance (40.3 A Ê ) between the a-carbon atoms of residues F239 and C343 in the C-subunit in the open conformation (using PDB code 1ctp). (We are, of course, assuming here that the open crystal structure, a binary PKI(5-24):C-subunit complex, is comparable to the open solution structure, apo form. The possibility that the intersite distance between F239 and C343 The results (AESD) represents the mean of, at least, three measurements. The concentration of C subunit, ATP, ADP, PKI(5-24) and product (PO 4 -PKS) were 200 nM, 0.5 mM, 0.5 mM, 110 mM and 110 mM, respectively. MgCl 2 (2.5 mM) was present in all samples containing nucleotide.
a The donor-only emission decay pro®les were ®t to a single-exponential expression. b The plus acceptor emission decay pro®les were ®t to a biexponential decay expression. c Fractional amplitude of t 2 decay. d Apparent energy transfer ef®ciency (equation (4)) using t 1 as an estimate of the donor emission in the absence of acceptor (t D ). e Donor quantum yield relative to the quantum yield of¯uorescein in 0.1 M NaOH at 22
. k 2 is the orientation factor that was set to 0.67, n is the refractive index (set equal to 1.4), and J is the overlap integral. J was calculated with the expression
Ál/AEI D (l)Ál, where e A (l) is the molar extinction coef®cient of the energy acceptor and I D (l) is the intensity of donor in the absence of acceptor at wavelength l (cm). The measured value of J was 3.08 Â 10 À13 cm 3 M
À1
. g Calculated apparent intersite distance, R, between donor and acceptor using the expression R R 0 (1/E À 1) 1/6 , where E equals the ef®ciency of energy transfer. in solution differs from the crystal state cannot be ruled out.) Except for the combination of ADP and product, all the ligands studied reduced the intramolecular distance to essentially the same extent, 2.3-2.9 A Ê ( Table 1 ). The magnitude of this reduction in intramolecular distance corresponds well to the difference in distance (1.8 A Ê ) between a-carbon atoms of residues F239 and C343 in the open and closed conformations (comparing PDB codes 1ctp, open, with 1atp, closed). Consequently, the FRET results suggest that the observed ligandinduced shorting of the distance between FM-F329C and TMRM-C343 correlates with the hinge and sliding motions of the small lobe relative to the large lobe that de®nes the closure of the activesite cleft.
ADP plus PO 4 -PKS reduced the apparent donoracceptor (D/A) intersite distance by about 3.8 A Ê , signi®cantly more than the other ligands. Because of the steric limits to how far the small and large lobes can move toward each other, this greater reduction in intramolecular FRET probably represents either a speci®c ligand-dependent shift in the position/orientation of reporter groups or a movement of just the C-terminal tail toward the large lobe. Whichever is true, the results suggest strongly that the combination of ADP plus product, like the other ligands studied, induced a closed conformation of the C subunit.
To con®rm the binding-dependent character of these changes, FRET between FM-F239C and TMRM-C343 was measured in the presence of nucleotides and increasing concentrations of PKI(5-24) and PO 4 -PKS. PKI(5-24), which binds with low af®nity to the C subunit in the absence of ATP, was associated with concentration-dependent reduction in the D/A distance until the effect plateaued between 23 mM and 100 mM, suggesting that PKI (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) is fully bound at a concentration of 100 mM in the absence of ATP (Figure 3 ). In the presence of ATP, which markedly increases the af®nity of PKI(5-24) toward the C subunit, PKI(5-24) titration produced no further signi®cant change in the D/A pair distance, indicating that ATP alone closes the active-site cleft. As with ATP, ADP alone reduced the D/A pair intersite distance, and the addition of product (PO 4 -PKS) was associated with a further increase in FRET that plateaued between 38.8 and 39.2 A Ê . Both in the presence and the absence of ATP, the effects of PKI(5-24) plateaued at the same intermolecular distance, 40.6 and 40.9 A Ê .
FM-K81C anisotropy decay
To assess possible linkages between large-scale domain movements, local segmental¯exibility, and the catalytic process, the effect of ligand binding upon the TRFA of FM attached to K81C was examined. The K81C site was chosen because it is located in the conformationally active small lobe, and because it was observed previously that ATP plus PKI(5-24) dramatically reduces the backbone¯e xibility around this mutation/conjugation site. 11 Control experiments indicated that the ligands studied had no signi®cant effect upon either the wavelength maximum or the fwhm (full width at half-maximum) of the FM-K81C conjugate; the values ranged between 516-518 nm and 28-29 nm, respectively. Additionally, the emission decay pro®le was well ®t to a biexponential decay function ( Figure 4 ). Ligand binding, again, had little or no effect upon the emission decay kinetics; the values of the slow and fast emission lifetimes ranged between 4.20-4.26 ns (81-84 % of total amplitude) and 2.48-2.54 ns, respectively (data not shown). For brevity, only the geometric averaged lifetimes are presented in Table 2 and ranged between 3.88 and 3.99 ns.
The TRFA decay of apo FM-K81C ( Figure 4 ) was well ®t by a model-free, non-associative biexponential function (equation (7)). The``fast'' rotational correlation time, f fast , and the fractional amplitude of the``fast'' decay processes, f xb , which largely re¯ect backbone¯exibility around the site of conjugation, were 1.9 ns and 0.31, respectively (Table 2) . Assuming a wobbling-in-a-cone diffusion model, 12 the f xb term should be determined by the cone angle, therefore, represent the amplitude of the diffusion motion, and the ratio f fast /f xb should be a function of the diffusion rate. The value of thè`s low'' correlation time ranged between 20 ns and 13 Thus, the f slow largely re¯ects whole-body rotational diffusion and does not include any detectable intermediate speed (between f fast and f slow ) internal motions that would accelerate the observed``slow'' anisotropy decay component.
All the ligands studied reduced the amplitude of the fast anisotropy decay to some degree and perturbed the f fast values in complex ways without substantially affecting either the slow anisotropy decay or the time-zero anisotropy ( Table 2 ). The effects upon f fast and f xb were complex and dif®-cult to categorize by themselves, but visual comparison of the convolved-anisotropy decay pro®les ( Figure 5 ) and examination of the best-®t f fast /f xb ratios (Table 2) shows that the ligands can be grouped into three categories based on the magnitude of their effects. ATP plus PKI(5-24) induced the most dramatic reduction in the amplitude and rate of anisotropy decay ( Figure 5(a) ; with f fast /f xb decreasing from 0.17 to 0.09) suggesting the backbone¯exibility around K81C was reduced the most by this ligand combination. Alone, ATP and PKI(5-24) each produced the same effect ( Figure 5(d) and (f) ), which was to reduce the mobility of the reporter group to about half the extent as the combination of these two ligands (f fast /f xb ratio shifted from 0.17 to 0.12-0.13). Finally, ADP alone or in combination with product produced the same effect ( Figure 5(b) and (e)), which was to marginally slow the anisotropy decay of FM-K81C without signi®cantly changing the f fast /f xb ratio (the f fast /f xb ratio shifted from 0.17 to 0.15-0.16; Table 2 ). Thus, only the substrate/pseudosubstrates, alone or together, substantially altered the segmental¯exibility around K81C at the tip of the small lobe.
Technical note
Although we con®rmed our previous observation that the combination of PKI (5-24) and ATP greatly decreases the amplitude and rate of FM-K81C anisotropy decay, 11 the values of the anisotropy decay parameters presented here (Table 2) differ from the earlier report. This difference probably re¯ects improvements in both the instrumental setup (more stable¯ashlamp and detector) and data analysis protocol (emission-lifetime parameters determined independently of the anisotropy parameters). In spite of the technical shortcomings of the previous study, we believe in the validity of its basic conclusion, that the fast anisotropy-decay components re¯ect backbone¯uctu-ations around surface sites of cysteine substitution and FM conjugation.
Discussion
Adjacent structural elements within proteins interact to create a responsive network that can extend throughout the entire protein and can be differentially perturbed by the binding of small molecules and heteroproteins. In the case of the cAPK C subunit, each ligand examined produced a unique response pattern that changed both the conformation and dynamics of the protein.
Although all the ligands examined induced domain closure, the combination of ADP plus product induced a speci®c conformational change (local or large scale) that further enhanced the D/A energy transfer between the large and small lobes. In terms of the¯exibility around the B helix, the effects of PKI(5-24) and ATP alone reduced segmental¯exibility to about the same extent, and these effects were additive in the ternary complex (ATP:PKI(5-24):C). In contrast, ADP alone or in combination with the product had a minimal effect on the¯exibility around the B helix.
The basis for the greater thermal stability 10 and reduced solute accessibility 9 of the binary ATP:C subunit compared with the PKI(5-24):C subunit complex, which was the impetus for this project, The upper panel illustrates the parallel (k) and perpendicular (c) emission decays (single datum points), a smooth line through these points was generated with the best-®t parameters for a biexponential decay equation. The¯ashlamp pro®le is shown as a dotted line. The lower panel shows the time-resolved anisotropy decay (single datum points) and a smooth line through these points generated with the best-®t parameters (Table 2) for a biexponential, non-associative model (equation (7)). Measurements were taken at 22 C, and the concentration of FM-K81C was 0.2 mM.
probably rests with differences in the closed-state dwell times between the binary PKI(5-24):C and ATP:C subunit complexes. The PKI(5-24):C subunit complex, unlike the ATP complex, intermittently opens, allowing transient solute accessibility but not increased thermostability. The ATP:C subunit complex, on the other hand, probably exists in a persistently closed state that both reduces solute accessibility and increases C subunit thermostability.
The idea that the binary PKI(5-24):C subunit complex¯uctuates between open and closed states is consistent with the observation that both open and closed crystals of the binary complex have been reported. 2, 5 This view is further strengthened by an analysis of ATP and PKI(5-24)-mediated bilobular connections. The adenosine ring of ATP is packed tightly into the base of the cleft between the two lobes with N6 hydrogen bonding directly to the backbone Glu121 in the bilobular linker The results (AESD) represent the mean of, at least, three determinations. The vertically and orthogonally polarized emission decays were analyzed simultaneously for the parameters of S(t) (equation (6)) and r(t) (equation (7)) with the Globals Unlimited 2 computer program. The experimental details are described under Materials and Methods. The concentration of C subunit, ATP, ADP, PKI (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) and product (PO 4 -PKS) were 0.2 mM, 0.5 mM, 0.5 mM, 239 mM and 239 mM, respectively. MgCl 2 (2.5 mM) was present in all samples containing nucleotide.
a The time-zero anisotropy. While it is probably impossible to fully delineate the response network that propagates the unique signature of each interacting ligand through the C subunit, some elements of this network can be deduced from the X-ray crystal structures of the closed ternary (ATP:PKI(5-24):C subunit; PBD code 1atp) and binary (PKI(5-24):C subunit; PDB code 1apm) complexes. For example, the g-phosphate group of ATP, as discussed above, interacts with the amide nitrogen atom of Ser53, and the Ser53 carbonyl group is within hydrogen bonding distance of the Lys78 e-amino group, three residues away from the site of cysteine substitution and the TRFA reporter group attachment (Lys81) in the B helix. It is not surprising, therefore, that ATP binding reduces segmental¯exibility around K81C, while ADP has little or no effect. The ability of PKI(5-24) alone to reduce the segmental¯exibility around the tip of the small lobe is, on the other hand, dif®cult to deduce. The guandino moiety of the PKI(5-24) Arg18 interacts with Thr51(O) and Tyr330; however, Lys78, in the B helix, is too far away from Ser53, in the glycine-rich loop, to form a bond that would stabilize the B helix. Similarly, although PKI(5-24) Arg18 interacts with Tyr330 in the C-terminal tail, which interacts with the surface of the small lobe, there is no direct linkage between the C-terminal tail and the B helix. Consequently, there must be an elusive linkage between PKI(5-24) binding and the B helix that might be mediated, at least in part, by Tyr330 in the C-terminal tail.
An intriguing aspect of the various ligandinduced dynamic states is that there appears to be a relation between the segmental¯exibility around the B helix and whether the interacting ligand is a substrate/pseudosubstrate or a product. Assuming a correspondence of peptidyl substrate and pseudosubstrate effects, substrates, especially the combination of ATP and PKI(5-24), greatly order, at least, a portion of the small lobe and are present in the reaction pathway before the phosphoryl transfer step. Products, which minimally affect smalllobe¯exibility, are present in the reaction pathway after the phosphoryl transfer step. This order-disorder dichotomy appears to be associated with the phosphoryl transfer process and suggests that there may be a positive internal entropy contribution to catalysis. Historically, the analysis of the thermodynamics of enzyme catalysis has focused on the reacting groups and the loss of entropy associated with the need to immobilize and to precisely position the reactants with respect to the catalytic moieties.
14, 15 The present results appear to add another dimension to the thermodynamics of catalysis, because they suggest a role for the conformational activity of the enzyme over and above providing a platform for catalysis. Clearly, the importance of this positive entropy component in the overall thermodynamics of cAPK catalytic activity is uncertain and requires further study. Part of such a further study will be to establish the extent of the order-disorder dichotomy in the conformationally active small lobe as well as to explore ways to separate protein from water dynamics.
In summary, this study was initiated out of the possibility that the con¯icting small-angle X-ray scattering, protein footprinting, and thermostability results could be reconciled, if there are liganddependent differences in the dynamics of C subunit closed states. An independent method (FRET) to assess domain closure in solution was developed and the segmental¯exibility of a portion of the small lobe was measured by TRFA at key steps of the cAPK catalytic cycle. Combined with previous thermostability and solute accessibility results, the present work reveals that each step of the catalytic cycle examined was associated with a unique dynamic state of the C subunit, and that the hinge and sliding motion of the small lobe associated with domain closure is independent of the¯uctuations of the B helix. An intriguing feature of these ligand-dependent conformational states is that the segmental¯exibility around the B helix appears to depend upon whether the ligand was a substrate/pseudosubstrate or product. The substrates/pseudosubstrate reduced¯exibility and products were essentially without effect. This dichotomy between substrate and product effects suggests the existence of an order-disorder transition coinciding with the phosphoryl transfer step that points to an internal entropy contribution to catalysis. Finally, the apparent con¯icts between the previous X-ray scattering, protein footprinting, and thermostability results can be reconciled if ligands differentially affect the closed-state dwell time.
Materials and Methods
Materials
Fluorescein 5-maleimide and tetramethylrhodamine 5-maleimide were purchased from Molecular Probes (Eugene, OR). ATP, ADP, cAMP, and PKI(5-24) were obtained form Sigma (St. Louis, MO). Non-phosphorylated-PKS (TTYADFIASGRTGRRASIHD) was a gift from Dr E. A. Komives at the University of California, San Diego. This peptide was phosphorylated at Ser21 with cAPK and puri®ed by HPLC. The mutant C subunits (F239C/C199A, C199A, and K81C) were prepared and characterized as described. 16 ± 18 Fluorescein (FM) and tetramethylrhodamine (TMRM) maleimide labeling of F239C/C199A
The mutant C subunit (1-2 mg) was initially bufferexchanged by elution through a Sephadex G-25 column (2.5 cm Â 7 cm) equilibrated with buffer A (20 mM Mops (pH 7.5), 100 mM KCl). The protein fractions were pooled and the concentration of the pooled samples was determined with UV/visible spectrometry using an e 280 of 45,000 M À1 cm
À1
. To protect the C343 site from labeling, ATP (4 mM) and MgCl 2 (6 mM) were added to the reaction mixture prior to the addition of a twofold molar excess of FM to protect the Cys343 from being labeled. 19 A parallel control sample in which wild-type C subunit was treated like the mutant protein was used to assess the speci®city of labeling. The protein concentration of the reaction mixture ranged between 6 and 8 mM. The reactions were allowed to proceed for one hour at room temperature, protected from light, and then eluted through a Sephadex G-25 column (2.5 cm Â 7 cm) equilibrated with buffer B (20 mM Mops (pH 7.5), 1 M KCl) at room temperature. The FM-labeled protein fractions were then pooled and concentrated to a ®nal concentration of about 5 mM. A portion of the FM-labeled sample was set aside for donor-only measurements. To heterochromatically label the mutant, a 1.5-fold molar excess of TMRM was added to the FM-labeled protein and the reaction was allowed to proceed for one hour at room temperature, protected from light. Unconjugated TMRM was then removed by Sephadex G-25 chromatography and aggregated protein was separated from monomeric by Sephacryl S-200 chromatography. Fluorescein emission (excitation at 470 nm and emission at 525 nm) from the column fractions was measured, and the¯uorescent fractions with retention times that corresponded to unmodi®ed C subunit were pooled. Aliquots of the pooled fractions were subjected to gel electrophoresis under denaturing conditions (SDS-12 % PAGE) 20 and the¯uorescent bands were visualized with a mineral lamp to assess the presence of any unconjugated FM or TMRM in the sample, which migrates near the buffer front.
Labeling of K81C and C199A
The preparation of FM-K81C was exactly the same as that of the FM-F239C/C199A, except that the K81C mutant was initially buffer-exchanged by elution through a Sephadex G-25 column (1.5 cm Â 7 cm) equilibrated with buffer D (20 mM Mops (pH 7.1), 100 mM KCl). The TMRM labeling of Cys343 on the C199A mutant was prepared like FM-K81C, except MgATP was not added to the reaction mixture. As with labeling the F239C/C199A mutant, a parallel wild-type C subunit was prepared to assess the speci®city of labeling.
Phosphotransferase assay
The activity of the labeled C mutants was quanti®ed by the method of Cook et al. 21 with kemptide as a substrate.
Determination of the stoichiometry of labeling
The stoichiometry of FM-labeled C subunits was estimated spectrophotometrically by substitution of the measured absorbance values at 280 nm (A 280 ) and 497 nm (A 497 ) into the expression:
The stoichiometry of TMRM-labeled C subunits was estimated spectrophotometrically by substitution of the measured absorbance values at 280 nm (A 280 ), 497 nm (A 497 ) and 554 nm (A 554 ) into the expression:
The stoichiometry of heterochromatically labeled C subunit was determined using the following equation:
Steady-state emission spectra
Steady-state emission spectra were measured at room temperature using an Instrument S.A., Inc. Jobin Yvon/ Spex FluoroMax II spectro¯uorometer.
Fluorescence lifetime
Fluorescence lifetimes were determined by the timecorrected single-photon counting technique. 22 Excitation and emission bands were selected with Omega 470-DF-D35 and Oriel 520-nm narrow-band interference ®lters, respectively. In addition to the chromatic ®lters, Polaroid HNP H B dichroic ®lm polarizers (Norwood, MA) were placed in the path of the excitation and emission beams. The excitation polarizer was oriented vertically and the emission polarizer was rotated at an angle of 54 from vertical to minimize anisotropic contributions to the observed decay.
The ef®ciency (E) of dipolar resonance energy transfer between the donors and acceptors was measured as the extent of the reduction of the donor¯uorescence lifetime:
t DA and t D are the¯uorescence lifetimes of the donor in the presence and absence of acceptor, respectively. 23, 24 To minimize the uncertainties associated with the intersite distance measurements, the basic FRET parameters were determined for each ligand-bound con®guration examined. Using the ratio method of Chen, 25 the quantum yield, Q D , of the apo form of FM-F239C/ C199A was determined to be 0.27 relative to the Q D of uorescein (0.95) in 0.1 M NaOH at 22 C. 26 The Q D values for the ligand-bound con®gurations were estimated from the effect of the ligands on the integrated area beneath the corrected emission spectra of FM-F239C/C199A.
Because of low yields, the normalized excitation spectrum of the TMRM-C199A mutant was used to estimate the acceptor absorption spectrum. Setting the value of the absorption maximum, e max , of TMRM to 91,000 M À1 cm À1 (the value of the b-mercaptoethanol adduct in Domain Closure and Local Backbone Flexibility methanol), the molar extinction spectrum, e(l), was generated and, with the donor emission spectrum of FM-F239C/C199A, the overlap integral, J, was calculated to be 3.08 Â 10 À13 cm 3 M À1 (Table 1) . This same value of J was used for all the FRET conditions, because the ligands studied had no signi®cant effect upon the excitation or emission l max values of FM-F239C/C199A or TMRM-C343 in the C199A mutant. Making the usual assumptions that k 2 equals 2/3, and the FRET ef®ciency was quanti®ed by the analysis of the FM-donor lifetime.
Time-resolved fluorescence anisotropy
The emission anisotropy was determined by timecorrelated single-photon counting measurements as described. 27 Brie¯y, the vertically (I k (t)) and orthogonally (I c (t)) polarized emission components were collected by exciting samples with vertically polarized light while orienting the emission polarizer (Polaroid HNPNB dichroic ®lm) in either a vertical or orthogonal direction. Excitation and emission bands were selected with an Oriel 500-nm short-pass interference (catalog no. 59876) and a Corning 3-68 cuton ®lter, respectively. The polarization bias (G) of the detection instrumentation was determined by measuring the integrated photon counts/ 6 Â 10 6 lamp¯ashes while the samples were excited with orthogonally polarized light and the emission was monitored with a polarizer oriented in the vertical and orthogonal directions (G 1.028).
The emission anisotropy decay, r(t), given by the expression: rt I k t À GI c t I k t 2G Á I c t 5
and total emission decay, S(t), for a macroscopicallyisotropic sample:
St I k t 2G Á I c t 6
were deconvolved simultaneously from the individual polarized emission components. With the Globals Unlimited TM computer program, the I k (t) and I c (t) decay pro®les were deconvolved simultaneously for the parameters of S(t) and r(t). Here, r(t) is the anisotropy decay function:
where r o is the amplitude of the anisotropy at time zero, f xb is the fraction of the anisotropy decay associated with the fast decay processes, and f is the rotational correlation time of the anisotropy decay. The subscripts fast and slow denote the fast and slow decay processes, respectively. A non-associative model was assumed, indicating that the rotational correlation times are common to each of the emission relaxation times. Goodness of ®t was evaluated from the value of the reduced w 2 r and visual inspection of the weighted-residual plot. The uncertainty of the measured slow rotational correlation times, f slow , was quanti®ed as a range. This involved directed unidimensional searches along the f slow parameter axis, which did not allow other ®tting parameters to vary, to ®nd the minimum and maximum f slow values that raised the w
